In recent years, smart electronic devices have attracted tremendous research interest due to their unique features and potential applications in the next generation wearable electronic devices 1-3 . However, meeting the increasing demand of future emerging markets are lightweight, solid state, and flexible energy devices [4] [5] [6] [7] . Among them, supercapacitors (SCs) are considered as promising candidates that can offer long cycle life, high power density, fast charge/discharge rates and safety [8] [9] [10] [11] [12] [13] [14] [15] . Unfortunately, the energy densities of supercapacitors are still unsatisfactory, which seriously limit their practical applications. According to the energy density equation: E = 1/2 CV 2 16,17 , the energy density (E) can be enhanced by improving the specific capacitance (C) and/or the operating potential window (V). Therefore, an effective alternative approach to increase the energy density is to fabricate the asymmetric supercapacitors (ASC). It can make full use of the different potential windows of the two electrodes to provide a maximum operation voltage in the cell system, accordingly resulting in a greatly enhanced specific capacitance and significantly improved energy density.
a capacitance of 1039F g −1 at a current density of 1A g −1 and excellent rate capability, superior to single-phase NiMoO 4 The above reports indicate that the composite materials with special structures show better performance than those of the individual component. Therefore, this motivated us to design and fabricate an elegant CoMoO 4 and NiMoO 4 core-shell heterostructured electrode with a novel nanostructure, which might combine the merits of both high specific capacitance originating from NiMoO 4 and excellent rate capability provided by CoMoO 4 , together with the well-designed architecture to improve the performance.
At present, carbonaceous materials are still the most mainly used anode materials, such as activated carbon, grapheme, and nitrogen-doped carbons [29] [30] [31] [32] . However, carbonaceous materials show quite small specific capacitances (100-250F g −1 ) compared with pseudocapacitive anode [33] [34] [35] [36] . Among the reported pseudocapacitive anode materials, Fe 2 O 3 exhibits many advantages such as low cost, environmental friendliness and safety [37] [38] [39] [40] . Moreover, Fe 2 O 3 -based electrode shows higher specific capacitance and wider voltage window compared with the carbonaceous materials. However, the intrinsic poor conductivity and aggregated morphology of Fe 2 O 3 -based electrodes restrict their electrochemical performance. An effective method is to synthesize the binder-free electrodes, which directly grown on the conductive substrates. Hence, the poor conductivity of the Fe 2 O 3 electrode is no longer a problem. And the nanostructures facilitate the electrolyte to penetrate the inner part of electrodes and benefits for improving the utilization of their pseudocapacitance 41 .
In this work, we report the flexible CoMoO 4 @NiMoO 4 ·xH 2 O core-shell heterostructures cathode and Fe 2 O 3 nanorods (NWs) anode directly grown on the carbon fabric for high-performance asymmetric solid-state supercapacitors. As a cathode material, the flexible 3D networked CoMoO 4 @NiMoO 4 ·xH 2 O core-shell heterostructures electrode exhibits excellent electrochemical performance in contrast to that of individual flexible CoMoO 4 and NiMoO 4 ·xH 2 O. It shows a high capacitance of 1582F g −1 , high rate performance, as well as an outstanding long-term cycling ability with the capacitance retention of 97.1% after 3000 cycles at 1A g −1 . Even at the current density of 5A g −1 , the capacitance still can be retained up to 93.2% after 10000 cycles. As an anode material, the flexible Fe 2 O 3 nanorods electrode exhibits the specific capacitance of 516.7F g −1 at the current density of 1A g −1 , which is much higher than carbonaceous materials. Even at a high current density of 15A g −1 , it still retains a specific capacitance of 312.5F g −1 . In addition, since the negative potential window for the ) and excellent cycling stability.
Results and Discussion
The schematic illustration for the preparation of the CoMoO 4 @NiMoO 4 ·xH 2 O core-shell heterostructure grown on carbon fabric is presented in Fig. 1 . CoMoO 4 @NiMoO 4 ·xH 2 O composites were prepared by a simple template-free hydrothermal process coupled with a calcination treatment. The formation schematic illustration of CoMoO 4 @NiMoO 4 ·xH 2 O composites grown on carbon fiber (CF) was presented in Fig. 1 . The preparation process mainly involves two steps. In the first step, a light purple CoMoO 4 precursor is generated on the carbon cloth surface by hydrothermal reaction. After heat treatment, the dark purple CoMoO 4 NWs were supported on the carbon cloth. In the second step, CoMoO 4 NWs were immersed into the light green precursor solution of NiMoO 4 for further hydrothermal process and heat treatment. Finally, flexible CoMoO 4 @NiMoO 4 ·xH 2 O composites were formed on the CF. Optical images of the as prepared electrodes are shown in Fig. S1 . The morphologies and microstructures of the as prepared products were investigated and the results are shown in Fig. 2 . The SEM image in Fig. 2a shows the carbon fabric composed of crossed carbon fibers with the average diameter of about 15 μ m. The morphology of the CoMoO 4 NWs is shown in Fig. 2b , which indicates the products with high density are uniformly distributed on the fibers of the CF. The CoMoO 4 NWs have an average diameter of 100 nm and length of around 1.5 μ m. Figure 2c reveals the SEM image of NiMoO 4 ·xH 2 O NSs which possesses a nanostructure composed of nanosheets with an average thickness of 10 nm. These nanosheets are interconnected with each other and contain a highly porous network structure. Figure 2d indicates the final product, the networked CoMoO 4 @NiMoO 4 ·xH 2 O nanostructures are successfully produced on the carbon fibers on a large scale. Figure 2e ,f clearly demonstrates that NiMoO 4 ·xH 2 O NSs are homogeneously covered on the whole surfaces of CoMoO 4 NWs, forming an interconnected and a highly porous 3D morphology, which may offer not only 3D networks for fast electron transportation, but also spaces critical for ion diffusion. The experiments with different reaction times changed from 1 h to 10 h were further researched to explore the composite structure as shown in Fig. 2g- ) (Fig. S3 ). This core-shell configuration can provide a higher surface area, which is mainly attributed to the interconnected NiMoO 4 ·xH 2 O NSs and the aligned CoMoO 4 NWs scaffold that creating a 3D structure and highly porous surface morphology. Such configuration is of great importance to promote electrolytes accessibility and increase the utilization of the active materials. The whole zone of Fig. 2f is selected to research the SEM mapping (Fig. S4 ). It can be clearly seen that only elements of O, Co, Ni and Mo could be found in CoMoO 4 @NiMoO 4 ·xH 2 O.
The phase structures of the as-prepared products were analyzed by X-ray diffraction. As shown in Fig. S5 The microstructure of the as-prepared products was further characterized by TEM and SAED. Figure 3a depicts the low-magnification TEM image of CoMoO 4 NWs with the diameter of about 100 nm. The measured lattice spacing of 0.67 nm in HRTEM image (Fig. 3b) is corresponding to the (001) planes of monoclinic CoMoO 4 . Figure 3c shows the corresponding selected area electron diffraction (SAED) pattern. The SAED pattern of the CoMoO 4 shows a set of well-defined spots, indicative of its single-crystallinity property. The diffraction rings can be readily indexed to the (001), and (020) planes of the CoMoO 4 phase, which is consistent with the above XRD result. TEM images in Fig. 3d confirm the core-shell structure with the CoMoO 4 NWs as the core parts and NiMoO 4 · xH 2 O NSs as the shell layers. HRTEM image ( The electrochemical storage application of as-prepared products was evaluated by testing them as electrodes for supercapacitors in a three-electrode configuration. We firstly compared the cyclic voltammetric (CV) curves of CF, CoMoO 4 
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The electrochemical capacitance of CoMoO 4 @NiMoO 4 ·xH 2 O is attributed to the quasi reversible electron transfer process that mainly involves the Co 2+ /Co 3+ and the Ni 2+ /Ni 3+ redox couple, and probably mediated by the OH − ions in the alkaline electrolyte. The main function of Mo element is to improve the conductivity of metal molybdates and achieve the enhanced electrochemical capacitance 26, 46, 47 . The peak current increases linearly with the increase of the scan rate, which suggests that the kinetics of the interfacial Faradic redox reactions and the rates of electronic and ionic transport are rapid enough in the present scan rates. The shape of the CV curves is not significantly influenced by the increase of the scan rates, which indicates the improved mass transportation and electron conduction in the host materials. Figure 4c shows the galvanostatic charge-discharge (GCD) curves of the CoMoO 4 @NiMoO 4 ·xH 2 O electrode within a potential range of 0 to 0.5 V at various current densities. The corresponding comparative CV and GCD curves of CoMoO 4 NWs, and NiMoO 4 ·xH 2 O NSs are shown in Fig. S7 . The specific capacitances of the three electrodes derived from the discharging curves at different current densities are compared and shown in Fig. 4d (Fig. S8) . Furthermore, tests were also carried out for up to 10000 cycles at a current density of 5A g (Fig. 4f) . The three electrodes indicate similar two forms with a semicircle at the high frequency region and a straight line at the low frequency. At the high frequency, the intersection of the curve at the real part shows the resistance of the electrochemical system (R s ) and the semicircle diameter shows the charge-transfer resistance (R ct ). R s includes the ionic resistance of electrolyte, inherent resistance of the electroactive material, and contact resistance at the interface between electrode and electrolyte 50 . The semicircle of the Nyquist plot corresponds to the Faradic reactions and its diameter represents the interfacial R ct in the high frequency. The inset in Fig. 4f shows an equivalent circuit used to match with the EIS curves to measure R s and R ct . Z w and CPE are the Warburg impendence reflected by the straight line in the low frequency 51, 52 Fig. 4f . Moreover, the CoMoO 4 @NiMoO 4 ·xH 2 O electrode also demonstrates the smallest diffusive resistance. The above results show that the combination of fast ion diffusion as well as low electro-transfer resistance is also responsible for the enhanced electrochemical performance of the CoMoO 4 and NiMoO 4 ·xH 2 O core-shell electrode. This is mainly caused by the networked porous core-shell structure with larger specific surface area, resulting in enhanced utilization of the electrode materials and facilitated supply of OH − to the electrode 53 . It is believed that the hybrid structure with low diffusion and electron-transfer resistances are beneficial to the excellent supercapacitor performance. Figure 5a further reveals the current density dependence of the cycling performance of the CoMoO 4 @ NiMoO 4 ·xH 2 O electrode. A stable specific capacitance of about 1050F g −1 can be found in the first 100 cycles at the current density of 15A g −1
. Changing the current density successively, the hybrid electrode still exhibits stable capacitance in different forms. When changing the current density back to 15A g To explore the flexibility of the electrode, we compared the GCD curves and cyclic performance of the electrode under flat and bending for electrochemical test at a current density of 3A g −1
. As indicated in Fig. 5b and c, the GCD profiles confirm the negligible attenuation of charge-discharge interval of the bent electrode compared to its flat state. Figure 5c shows the corresponding specific capacitance variation tendency under a bent state compared to its natural state after 3000 cycles. The specific capacitance retention for the flat one is 99.3% and the other two bent forms are still keeping 98.9% and 98.5% capacitance, respectively. The corresponding GCD curves of the first ten cycles for the three forms show no obvious changes (the insets). The results further confirm the electrode is mechanically robust.
The high specific capacitance of the CoMoO 4 @NiMoO 4 core-shell heterostructures electrode are impressive values when compared to those of many previously reported CoMoO 4 or NiMoO 4 oxides based electrodes, as shown in Table S1 . The above results reveal high specific capacity, excellent cycling stability, outstanding rate capability, and mechanically flexibility of the CoMoO 4 @NiMoO 4 ·xH 2 O core-shell electrode. It mainly attribute to the 3D networked heterostructure and a direct growth on the flexible conductive carbon fabric substrate. As schematically demonstrated in Fig. 1 , first, carbon fabric as conductive substrate has good electrical conductivity, high porosity and excellent mechanical flexibility. This leads to the fact that electrons can transport more efficiently during charge-discharge processes and therefore large improvement in specific capacitance. Second, the unique core-shell hierarchical structure has an increased portion of exposed surface, which provides more active sites for ions and electrons access to the surface of the electrode. The porosity of the surface further shortens the diffusion paths for ions so that accelerate the redox reaction to take place and enhance the rate capability. Thirdly, this 3D networked core-shell nanostructures on carbon fabric is a stale architecture with excellent mechanical robust and flexibility, which can improve the cycling stability evidently during long-term cycling. Finally, the CoMoO 4 and NiMoO 4 ·xH 2 O are good pseudocapacitor materials due to their multiple oxidation states for reversible Faradaic reactions. The heterostructure allows synergistic contributions from the CoMoO 4 with excellent cycling ability and good rate capability, and NiMoO 4 ·xH 2 O with high specific capacitance.
In order to research the practical application of the as-prepared electrodes, flexible solid-state asymmetric supercapacitor device was assembled by using CoMoO 4 @NiMoO 4 ·xH 2 O core-shell heterostructures as the cathode and the Fe 2 O 3 NRs as anode, respectively. Before assembling the asymmetric supercapacitor device, we firstly researched the microstructure and electrochemical properties of Fe 2 O 3 NRs. Figure S11a shows SEM image of the as synthesized Fe 2 O 3 NRs with an average diameter of 100 nm and length of approximate 200 nm directly attached to the CF substrate. The phase structures of the as-prepared Fe 2 O 3 NRs were analyzed by X-ray diffraction. Figure S11b indicates the as-prepared Fe 2 O 3 is in good agreement with the standard pattern for rhombohedral Fe 2 O 3 (PDF, card no. 33-0664). To investigate the electrochemical performance of the Fe 2 O 3 nanorods, we tested the CV curves at different scan rates in a three-electrode measurement (Fig. S12a) . Figure S12b The stable potential window of the ASC can be extended to as large as 1.6 V without obvious polarization curves. Figure 6b shows the CV curves of the optimized CoMoO 4 @NiMoO 4 ·xH 2 O// Fe 2 O 3 ASC device collected at various scan rates with the potential window 0~1.6 V. All the curves show obvious pseudocapacitance features with redox peaks within 0~1.6 V, which can be attributed to the cathode and anode materials with the faradaic reactions. To further evaluate the electrochemical performance of the asymmetric cell, GCD tests of the solid-state asymmetric supercapacitor at various current densities are performed. As shown in Fig. 6c , all the charge-discharge curves show nearly symmetric behavior, confirming the excellent capacitive behavior of the device over the entire voltage range. The total specific capacitance (C t ), which is calculated based on the total mass of active materials in the two electrodes, reaches 153.6F g −1 at the current density of 1A g
and still can retain 75F g −1 at a high current density of 15A g −1 (Fig. S14 ). Figure S14 also shows a little decrease of the specific capacitance under large current density, implying a high rate performance. The cycling life tests over 5000 cycles for CoMoO 4 @NiMoO 4 ·xH 2 O//Fe 2 O 3 were carried out at 3A g −1 . As depicted in Fig. 6d , the CoMoO 4 @NiMoO 4 ·xH 2 O//Fe 2 O 3 ASC device exhibits a long-term electrochemical stability, and the capacitance retention after 5000 cycles is 84%. The charge-discharge curve keeps quite symmetric after 5000 cycles, indicating that there are no significant structural changes of the CoMoO 4 @NiMoO 4 ·xH 2 O//Fe 2 O 3 ASC device during the charge-discharge processes (Fig. 6d) . In order to further confirm the reliability of the cycle life of the device, the cycle number of the positive electrode CoMoO 4 @NiMoO 4 ·xH 2 O and negative electrode Fe 2 O 3 also have been added (as shown in Fig. S15) to 5000 cycles at a current density of 3A g To further demonstrate the energy and power performance of the flexible solid-state supercapacitor, Ragone plot was described based on the charge-discharge data. As shown in Fig. 6f , the energy density and power density of CoMoO 4 @NiMoO 4 ·xH 2 O//Fe 2 O 3 were calculated according to the Equations (7) and (8) the maximum specific energy as high as 41.8 Wh kg −1 is obtained at a current density of 1A g −1 with power density of 900 W kg −1 under the operating voltage of 1.6 V. The flexible ASC device possesses a maximum power density of 12000 W kg −1 at the current density of 15A g −1 with specific energy of 26.7 Wh kg −1 . With an operating potential of 1.6 V, we achieve a much higher specific energy of for our asymmetric supercapacitors compared with the previous reported work [54] [55] [56] [57] [58] [59] .
Conclusions
In summary, we have designed and synthesized the flexible CoMoO 4 @NiMoO 4 ·xH 2 O core-shell heterostructure cathode and Fe 2 O 3 nanorods anode directly on carbon fabric. This 3D networked CoMoO 4 @NiMoO 4 ·xH 2 O core-shell heterostructure facilitates fast ion diffusion and electron transfer at the electrode/electrolyte interface. The CoMoO 4 @NiMoO 4 ·xH 2 O core-shell heterostructure allow the synergistic contribution of both materials leading to a better electrochemical performance. As a positive material, it exhibits excellent supercapacitor performance with a high capacitance, desirable rate performance and excellent cycling stability. Furthermore, as a negative material, Fe 2 O 3 NWs show high specific capacitance and wide potential window compared with carbon materials. Flexible solid-state CoMoO 4 @NiMoO 4 ·xH 2 O//Fe 2 O 3 asymmetric supercapacitor is assembled by using CoMoO 4 @NiMoO 4 ·xH 2 O as positive and Fe 2 O 3 as negative electrodes, respectively. The flexible solid-state asymmetric supercapacitor with a maximum voltage of 1.6 V shows high specific energy, high power density and excellent cycling stability. Such a flexible solid-state asymmetric supercapacitor with superior performance is expected to be a promising candidate for application in energy storage devices.
Experimental details. Synthesis of the CoMoO 4 nanowire (NW) arrays on carbon fabric (CF).
Prior to the synthesis, commercial CF pieces (1 cm × 1 cm × 0.1 cm in size) were firstly ultrasonic-treated in acetone, ethanol mixture and ultrapure water, respectively. Then they were dipped in 6 M nitric acid solution and rinsed successively by ultrapure water, followed by drying in an oven at 60 °C for 5 h. For the preparation of the CoMoO 4 nanowires, 1.46 g of Co(NO 3 ) 2 ·6H 2 O and 1.21 g of Na 2 MoO 4 ·7H 2 O were dissolved in 50 ml of ultrapure water under constant magnetic stirring to form a uniform light purple solution. The washed carbon fabric substrates and the light purple solution were together transferred into a 100 ml Teflon-lined stainless steel autoclave and reacted at 180 °C for 12 h. When the autoclave was cooled down to room temperature naturally, the resulting products were collected and rinsed with ultrapure water for several times. Then the products were dried in an oven at 60 °C for 12 h. Finally, to obtain CoMoO 4 NWs, the dried samples were further annealed at 300 °C for 1 h in air. 2 were dissolved in 40 ml of ultrapure water and stirred constantly for 0.5 h. The solution and the cleaned CF were transferred into a 100 ml Teflon-lined stainless steel autoclave which was heated to 160 °C for 10 h. After the autoclave was cooled down to ambient, the samples were washed with ultrapure water and dried at 60 °C for 12 h. Finally, the samples were annealed at 400 °C in air for 3 h to obtain NiMoO 4 ·xH 2 O NSs deposited directly on CF. 4 were dissolved in 80 ml of ultrapure water and constantly stirred for 0.5 h. The mixed solution and the cleaned CF were transferred together into a 100 ml Teflon-lined stainless steel autoclave which was heated to 120 °C for 8 h. After the autoclave was cooled to ambient naturally, the samples washed with distilled water and dried at 60 °C for 12 h. Finally, the samples were annealed at 400 °C in air for 3 h to obtain Fe 2 O 3 NRs. Na 2 SO 4 was used as the structure-directing agent to facilitate the uniform growth of 1D structures 60 .
Preparation of the

Materials Characterizations. The microstructure and morphology were characterized by Scanning electron microscopy (SEM, Hitachi S-4800, at an acceleration voltage of 20 kV) and Transmission electron microscopy (TEM, JEOL JEM-2010). The phase structures of the as-prepared products were characterized by X-ray diffraction (XRD, Rigaku D/max-rB, Cu Kα radiation, λ = 0.1542 nm, 40 kV, 100 mA). Brunauer-Emmett-Teller (BET) analysis was carried out to evaluate the surface area and pore size distribution of the as prepared products. Surface Area Analyzer (NOVA2000E) was used to measure N 2 -sorption isotherm.
Electrochemical measurements. The electrochemical measurements were firstly conducted in a three-electrode form. CoMoO 4 @NiMoO 4 ·xH 2 O/CF electrodes were used as the working electrode. A platinum foil (1 cm × 4 cm) acted as the counter electrode and a saturated calomel electrode (SCE) acted as the reference electrode. 2.0 M KOH aqueous solution served as the electrolyte. The electrochemical measurements were carried out on a CHI 660 C electrochemistry workstation (Shanghai, China). Cyclic voltammetry (CV) tests were conducted in a potential range of − 0.2~0.6 V (versus SCE) at different sweep rates of 5~100 mV s −1
. The constant current charge/ discharge tests were carried out at various current densities within a potential range of 0~0.5 V (versus SCE), and the cycling behavior was characterized up to 3000 cycles (at a current density of 3A g −1 ) and 10000 cycles (at a current density of 5A g −1 ), respectively. Electrochemical impedance spectroscopy (EIS) was performed to determine the capacitive performance at open circuit voltage with a frequency range of 0.01~10 5 Hz. The CV curves and charge-discharge curves of Fe 2 O 3 NRs were also tested. These electrochemical measurements were performed in a three-electrode system. . Then, the polyvinyl alcohol (PVA)/KOH gel electrolyte was prepared by mixing as-prepared 6 g PVA with 5.6 g KOH in 50 ml of deionized water and heated at 80 °C under stirring for 3 h until it became homogeneously clear. The electrodes and the separator were soaked in the gel for 5 min, then taken out from the gel, and assembled together. The device was placed in the air for 24 h and became solid. Afterward, the ASC device was assembled by sandwiching PVA/KOH gel electrolyte film between the Fe 2 O 3 /CF and CoMoO 4 @NiMoO 4 ·xH 2 O/CF electrodes under mechanical stress. The specific capacitance, energy density, and power density of the ASC were all calculated based on the total mass of both negative and positive electrodes excluding the weights of current collectors. The thickness of the as-prepared solid-state ASC was measured to be about 1.15~1.34 mm. All electrochemical tests of the ASC device were performed in a two electrode configuration at ambient temperature.
Assembly of the solid-state asymmetric supercapacitor (ASC)
The following equations were used to calculate the specific capacitance C s (F g Scientific RepoRts | 7:41088 | DOI: 10.1038/srep41088 = ∆ P E t 3600 / (8) where I (A) represents the discharge current, Δ t(s) is the discharge time, ΔV (V) is the potential drop during discharge process, m (g) is the mass of the active materials, S is the enclosed area of the discharge curve and coordinate axis, and U (V) is the potential window.
